To study the performance of sheet pile wall in peat during roadway construction, a long-term instrumentation program was conducted over a period of two years, measuring total lateral earth pressures, sheet pile deflections, soil movements, and water table level variances during construction. The analysis of field data indicated: ͑1͒ The earth pressure distribution in peat matched well with the classic Rankine earth pressure; ͑2͒ the expected long-term postconstruction sheet pile movement due to the creep behavior of peat was not observed; ͑3͒ fully passive earth pressure in peat was mobilized once the maximum measured sheet pile deflection exceeded 0.8% of sheet pile length; and ͑4͒ arching effect due to the protruding cross section of sheet pile caused pressure differences of 3 -10 kPa between the inside web and outside web of the sheeting. Then, all the construction stages were continuously modeled by finite-element method and the calculated results were compared with the field measurements. The comparisons showed that the calculated results were consistent with the field data and provided reasonable explanations and helpful insights to understand soil-structure interaction mechanism. Finally, some conclusions and suggestions for sheet pile design and construction in peat were reached.
Introduction
Sheet pile wall is a common type of flexible earth retaining system used as waterfront structure. One of its advantages to other types of retaining walls is that the construction of sheet pile wall usually does not require dewatering the site. Sheet piling is ideally applicable to sites with high groundwater tables or soils with low bearing capacity. Calculations of earth pressures in sheet pile design are usually based on classical soil mechanics; however, the actual earth pressure distributions along sheet pile wall have not been very well understood. Experimental and field-measured data will be helpful to verify and when needed, to modify current design criteria.
Substantial experimental research and field measurements ͑Terzaghi 1934; Coyle and Bartoskewitz 1976; Sherif et al. 1982; Fang and Ishibashi 1986; Bentler and Labuz 2006͒ have been carried out regarding the lateral earth pressures developing against rigid retaining walls. By contrast, only a limited number of studies have been conducted to examine current sheet pile design procedures via experimental or field-measured data ͑Peck 1943; DiBiagio 1977 ; Stille 1979; Finno 1989; Endley et al. 2000͒ . Further, most of these studies were related to anchored or strutted sheet piles in excavation, or only measured strut or anchor loads instead of measuring earth pressures directly. Even fewer studies are known to investigate passive earth pressures against the supporting face of a sheet pile. So far, no study is known to directly measure passive earth pressures against cantilever sheet pile walls, especially in peat deposits.
Peat is a material consisting largely of organic residues, which originates under aerobic and anaerobic conditions through incomplete decomposition of plant and animal matters. Because it exhibits low bearing capacity, extremely high compressibility, and long-term creep behavior, peat is characterized as one of the worst foundation soils. Different from clays, majority of the deformation in peat is not caused by dissipation of pore pressure ͑primary consolidation͒, but by volume changes resulting from continuous rearrangement of soil particles under a constant vertical effective stress after pore pressure dissipates ͑secondary compression͒. The significant creep behavior of peat is one of the great concerns for construction in peatlands. Extensive studies of peat creep behavior have been performed in recent years, resulting in important advancements in understanding its mechanism ͑Buisman 1936; Harahan 1954; Adams 1963; MacFarlane and Allen 1964; Barden 1969; Berry and Poskitt 1972; Mesri 1973; Berry and Vickers 1975; Dhowian 1978; Mesri and Godlewski 1979; Dhowian and Edil 1980; Fox 1992; Fox et al. 1992; Mesri et al. 1994; Ernst et al. 1996; Mesri et al. 1997; Colleselli and Cortellazo 1998; Elsayed 2003͒ . Fox ͑1992͒ pointed out: ͑1͒ Compression of peat requires a long term to be completed; ͑2͒ primary consolidation of peat occurs rapidly; and ͑3͒ the magnitude and rate of secondary compression are high for peat and may account for as much as half of the total settlements. Mesri et al. ͑1997͒ attributed the reason why the secondary compression in peat is often more significant than in other geotechnical materials to three factors: ͑1͒ Peat deposits exist at high natural water contents and void ratios; ͑2͒ among geotechnical materials, peat has the highest ratio of C ␣ / C C , where C ␣ ϭsecondary compression index and C C ϭcompression index; and ͑3͒ the time for primary consolidation of peat deposits is relatively short; hence, secondary compression will appear as long as construction loading is completed. Weber ͑1969͒ reported a case that the embankments constructed over peat deposits in the San Francisco Bay experienced linear secondary settlements over 25 years. Currently, the extremely poor engineering properties of peat, especially its significant creep behavior, do limit and challenge construction in peat deposits. Considering the fact that peatlands cover a total of around 5-8% of global land mass ͑Lappalaine 1996͒, construction in peat will be more and more inevitable, especially in those countries or areas with large distributions of peatlands.
At the site of highway US Route 44 relocation project in Carver, Mass., long steel sheet pile walls were installed in wetland areas with peat deposits to mitigate environmental impacts. More than 60% of the deformation in Carver peat was predicted to take place in the secondary compression phase ͑Ernst et al. 1996͒. Therefore, significant long-term postconstruction sheet pile movements were expected. The existence of peat deposits presented major obstacles to construction at this site. It also challenged current understanding of earth pressures acting against sheet piles and sheet pile design state of art. To study the longterm performance of sheet pile wall in peat, five stations located in deep peat deposits were selected for instrumentation, measuring total lateral earth pressures, sheet pile deflections, soil movements induced by embankment construction, and water table level variances during roadway construction.
In order to understand soil-structure interaction mechanism during construction, finite-element method ͑FEM͒ analysis was conducted to model the entire roadway construction in peat. As Clough and Duncan ͑1971͒ introduced FEM into soil-structure interaction analysis, many researchers had performed FEM modeling for different types of retaining structures under different construction conditions ͑Clough 1977; Clough and Hansen 1981; Clark and Wroth 1984; Borja and Lee 1990; Finno and Harahap 1991; Ng and Lings 1995; Ou et al. 1996͒ . However, most known studies focused on modeling soil-structure interaction under one specific construction condition, and hence the accumulated effects of continuous construction activities were not considered. Further, few studies are known to model performance of a retaining structure during deep dynamic compaction ͑DDC͒. In this study, all of the roadway construction activities ͓including peat removal, backfilling, consolidation, DDC, and construction of mechanically stabilized earth ͑MSE͒ wall and embankment͔ were continuously modeled for a period of 3.5 years based on the construction records. Then, the FEM-calculated results were compared with the field measurements to study sheet pile performance during roadway construction in peat deposits.
Route 44 Relocation Project and Site Conditions
Section I of Route 44 relocation project started from the town of Carver, Mass., in the vicinity of Route 58 and extended approximately 9.5 km ͑5.9 mi͒ eastward to meet Section II in Kingston near the Plymouth and Kingston town line, Massachusetts. The proposed highway was a four-lane divided roadway with a typical median width of 18.3 m ͑60 ft͒. The project included construction of eight on/off ramps and reconstruction or realignment of portions of four secondary roadways that intersected the proposed highway.
Many areas of this project required embankment fills to accommodate the proposed highway. Unfortunately, a large portion of the proposed embankments was to be constructed in cranberry bog and pond areas. A series of field exploration programs including standard penetration testing ͑SPT͒ and peat probing had been conducted along the proposed roadway to investigate site conditions. Fig. 1 presents the typical soil profiles of stations 98+ 00 R to 110+ 00 R in cranberry bogs. Organic soils were found immediately below the ground surface in bog and pond areas, which consisted primarily of peat. The investigated thickness of peat deposits ranged from 0 to 10.5 m ͑35 ft͒. In cranberry bog areas, long-term groundwater was observed to be near the existing ground surface. Directly below peat deposits were natural medium dense to dense sands, interbedded with gravels and inorganic silts.
If embankments were built directly over peat deposits, as peat areas varied in thickness, long-term settlements would not be uniform beneath the embankments and would differ sharply between areas overlying peat and areas overlying sands. The consequent differential settlements would cause local depressions in roadway and continue to be a maintenance problem. Leaving peat in place would also cause uncertainties to global embankment stability. The above-mentioned effects were considered to negatively outweigh the factors involved in removing peat entirely. Therefore, it was determined to replace the peat at the locations of proposed embankment with suitable granular soils. In order to mitigate construction impacts on wetlands, long steel sheet pile walls with a cumulative length of approximately 2.4 km ͑1.5 mi͒ were installed on both sides of the proposed roadway in wetland areas as retaining structures.
Soil Properties
The peat in the wetland areas at Carver, Mass., was the result of organic deposit accumulation over a lengthy period of time in kettle holes created by glaciers ͑Ernst et al. 1996͒. A series of laboratory testing programs including one-dimensional consolidation tests and triaxial tests had been carried out by Elsayed ͑2003͒ to investigate its engineering properties. Carver peat contains 60-77% porous fiber. It exhibits extremely high compressibility, low strength, and significant "creep" behavior. Table 1 summarizes its index properties and engineering parameters. The stiffness ͑elastic modulus͒ and strength parameters ͑friction angle and cohesion in terms of effective stress concept͒ of Carver peat were determined from consolidated undrained ͑CU͒ triaxial tests on undisturbed peat samples. The CU testing results suggested following strength parameters for Carver peat: effective angle of friction, Ј, of 12°and effective cohesion, cЈ, of 2.0 kPa.
To quantify the engineering properties of the backfill and the in situ sands below the peat deposits at the project site, laboratory tests, including triaxial tests, had been conducted on representative soil samples collected from the field. The backfill mainly consisted of loose to medium dense sands, with traces of gravels and inorganic silts. Its unit weight was around 18 kN/ m 3 and effective friction angle of around 32°. For the natural medium dense to dense sand underneath the peat deposits, it had a unit weight of around 19.5 kN/ m 3 and effective friction angle of around 36°.
Construction
Construction work in the wetland areas started in winter, 2001 and was almost completed in spring, 2005. Fig. 2 illustrates the main construction stages in the wetlands at the relocated US Route 44 in Carver, Mass.
Stage I-Replacement of Peat with Backfill
Prior to peat removal, sheet pile walls were installed along both sides of the proposed roadway in the wetlands since November, 2001 . Then, the peat between the sheet pile walls was completely removed and backfilled with granular materials. Peat excavation was accomplished using a crane outfitted with a dragline bucket without dewatering. After removing the peat, granular soils were placed between the sheet pile walls and were pushed forward by a dozer. 
Stage II-Consolidation
Following the completion of Stage I in January, 2002, the site was left for consolidation for about 1 1 / 2 years. During this period, there were no recorded construction activities beyond installation of the instrumented sheet piles in January, 2003, which will be introduced in a later section entitled "Instrumentation."
Stage III-Deep Dynamic Compaction
Because the site was not dewatered during the process of peat replacement, it was suspected that the backfill was in a loose, saturated state, susceptible to liquefaction during earthquakes. In the summer of 2003, the backfill was densified by two passes of DDC. The time interval between the two passes of DDC was 6 days. A 14.4 t tamper, 1.5 m in diameter, was dropped from a height of 18.3 m ͑60 ft͒. Each tamping point was repeatedly impacted by nine blows. The distance between two adjacent tamping points in each pass was 4.6 m. The second pass was conducted at the center spacing of the first pass. To avoid unexpected large sheet pile deflection, the minimum distance between the tamping points and the sheet pile wall was designed to be 4.6 m. Cone penetration testing ͑CPT͒ was carried out before and after each pass of DDC to investigate compaction effects. The sitecharacterization results indicated that DDC greatly densified the backfill, but showed very limited effects on the natural medium dense to dense sands below ͑Tan et al. 2007͒.
Stage IV-Consolidation
After Stage III, the site was left for consolidation for about 1 / 2-1 year without construction activities recorded.
Stage V-MSE Wall and Embankment Construction
Construction of MSE walls and embankments started in 2004. The MSE walls and embankments were designed to be 7.6 m ͑25 f͒ away from the sheet pile wall, and the embankments were averagely 4.3 m ͑14 ft͒ above the backfill ground surface. The MSE walls consisted of six soil layers reinforced by steel strips with a dimension of 4 mm ͑thick͒ ϫ50 mm ͑wide͒ ϫ3.7 m ͑long͒, which were installed at a spacing of 0.6 m ͑2 ft͒ in both vertical and horizontal directions. One end of the steel strips was fixed to the facade panels of the MSE walls, which were basically concrete panels with a dimension of 1.5 m ͑5 ft͒ ϫ 1.8 m ͑6 ft͒ in plane and 14 cm ͑5.5 in.͒ in thickness. The MSE walls served as retaining structures to ensure the stability of the embankments.
Stage VI-Completion
Pavements were finally laid over the embankments, and the top of the sheet pile walls was cast with concrete caps in Spring 2005. Sheet pile walls were left in the wetlands permanently, functioning as supporting structures of the roadway. Fig. 3 presents a typical view of the completed roadway in the cranberry bog around stations 99+ 00 R to 103+ 00 R. Major construction activities, together with the dates when particular activities were conducted at five instrumented stations, are summarized in Table 2 . Major construction activities refer to those which induced significant earth pressure variations or sheet pile deflections. 
Instrumentation
In order to measure sheet pile wall deflections, total lateral earth pressures developing in peat against the supporting face of the sheet pile wall, soil movements induced by embankment construction, and water table level variances in peat, five stations located in the cranberry bogs and ponds with deep peat deposits were chosen for instrumentation. The instruments at each station consisted of two clusters of pressure cells, two inclinometer casings, and one piezometer. Figs. 4 and 5 show detailed locations of various instruments at station 101+ 00 R. The top of the instrumented sheet pile was 0.9 m ͑3 ft͒ above the ground surface. Three vibrating wire total pressure cells ͑TPC͒ ͑designated as A, B, and C͒ along with four tactile single load cells ͑designated as G up , G down , H up , and H down ͒ composing one cluster were installed on the inside web of the sheeting, whereas the remaining three TPC cells ͑designated as D, E, and F͒ along with two tactile single load cells ͑designated as J up , and J down ͒ composing another cluster were installed on the outside web. The purpose of instrumenting pressure cells on both inside and outside webs was to study potential arching effect induced by the protruding cross- section shape of sheet pile. In order to obtain appropriate calibration factors for field measurements, all the TPC cells were calibrated in laboratory, and on average the accuracy was around 5% ͑5 kPa͒ and resolution 0.007 kPa. Detailed information about the vibrating wire TPC cells, the tactile single load cells, and their calibration can be found in Tan ͑2005͒. Two 10 cm ͑4 in.͒ ϫ 10 cm ͑4 in.͒ ϫ 0.6 cm ͑0.25 in.͒steel notched angles, which led the reading cables of the instruments to the ground surface, were welded on the instrumented sheet pile along depth. To monitor sheet pile deflections, an inclinometer casing, which was secured by an iron pipe, was affixed to the corner of the sheet pile. The length of the inclinometer casing was equal to that of the instrumented sheet pile. In March 2004, prior to embankment construction, another 13.7 m ͑45 ft͒ long inclinometer casing was grouted into a predrilled hole in the backfill ͑access road͒ at each instrumented station to monitor the soil movements caused by embankment construction. This inclinometer casing was located 4.6 m ͑15 ft͒ away from the proposed embankment, and 3.0 m ͑10 ft͒ away from the sheet pile wall. A standpipe piezometer for water table levels was installed inside a borehole in peat at each instrumented station, 0.9 m ͑3 ft͒ away from the instrumented sheet pile and embedded at a depth of 1.8 m ͑6 ft͒ below the ground surface. During DDC and the following months, pore pressure variations were monitored by a vibrating wire piezometer located at a depth of 1.8 m below the ground surface. Detailed descriptions of sheet pile instrumentation design and instrumentation preparation in both laboratory and machine shop can be found in Tan ͑2005͒.
Prior to installation of the instrumented sheet piles, zero readings were taken for all the pressure cells. The instrumented sheet piles were not installed in situ until January 2003, about 1 year after peat removal. The process of field installation was basically replacing the existing sheet pile at the selected station with the instrumented sheet pile, and was composed of the following main steps: ͑1͒ Installing a temporary protective sheet pile into the backfill within few inches from the existing sheet pile; ͑2͒ pulling out the existing sheet pile; ͑3͒ installing the instrumented sheet pile; and ͑4͒ pulling out the temporary protective sheet pile.
Generally, the readings of the TPC cells and the tactile single load cells were taken by a portable readout box and an ohmmeter, respectively. Inclinometer readings were taken by an inclinometer probe along with a portable readout box. During DDC, data readings of both pressure cells and vibrating wire piezometers were recorded, stored and processed using a multiple-channel data logger system, which was programmed to take readings at a 2 min interval.
Field Measurements
Although no field measurements were available before in-situ installation of the instrumented sheet piles, it could be expected that peat excavation ͑unloading͒ and backfilling ͑loading͒ should have some effects on the overall response of the peat on the supporting side. However, the extent of such influence should be limited. Considering the facts that the unit weight of peat ͑10.43 kN/ m 3 ͒ is only slightly greater than that of water ͑9.8 kN/ m 3 ͒ and the site was not dewatered during peat excavation, the pressure differences on both sides of the sheet pile wall should be very small and the sheet pile deflections induced by excavation would be very limited. As a result, large strains should not be expected to occur in the supporting peat during unloading. Backfilling process would have relatively more significant effects on the stress-strain behavior of peat due to much greater unit weight and strength of the backfill. These effects will be discussed in a later section entitled "Comparison between Measurements and Calculated Results."
Field measurements including total lateral earth pressures and water table levels were taken immediately after the instrumented sheet piles were installed in-situ. Only 3 out of 30 TPC were damaged during this field installation process, which were cells E at stations 101+ 00 R and 156+ 25 R and cell B at station 141 + 00 R. Unfortunately, only two tactile single load cells located at positions G up and G down at station 101+ 00 R functioned well after field installation of the instrumented sheet piles. Due to its flexible thin-film structure, tactile single load cell was susceptible to the force induced by driving the instrumented sheet pile into soils. During the entire monitoring period, the instrumented sheet piles at five stations behaved similarly. In addition, only pressure readings at stations 101+ 00 R and 117+ 50 R were recorded during DDC. Based on the previous considerations and paper length limit, this study only presents and discusses the measured results at station 101+ 00 R. As only two tactile single load cells functioned, their measurements are not presented here either but can be found in Tan ͑2005͒.
At station 101+ 00 R, the length of the instrumented sheet pile was 14.6 m ͑48 ft͒. Peat deposit was 4.6 m ͑15 ft͒ deep. Longterm water table level was near the existing ground surface. All the pressure cells were located in the peat deposits at this station. Detailed locations of the instruments at station 101+ 00 R refer to Figs. 4 and 5. Fig. 6 shows the development of measured total lateral earth pressures and pore pressure at station 101ϩ00 R from January 17, 2003 to November 8, 2004. The left, central, and right graphs describe measured pressures before, during, and after DDC, respectively. The first readings were taken immediately upon the completion of field installation of the instrumented sheet pile on January 17, 2003. The TPC cell at position E did not function after installation. Within the following week, three additional readings were taken for each pressure cell, showing no significant changes except the immediate reduction after the first reading. This immediate reduction was possibly due to the consolidation of peat, which was caused by the decay of excess pore pressures developing around the cell pad during the driving process of the instrumented sheet pile. Similar observations had been reported by Tedd and Charles ͑1981, 1983͒ and Carder and Symons ͑1989͒, who used "push-in" spade cells in London clay. This reduction was around 2 kPa on the inside web ͑positions A, B, C͒, and was 3.5 and 6.9 kPa at positions D and F on the outside web, respectively. Then, except for position B, the earth pressures did not show significant variations over time until the application of DDC. The small variations in pore pressure ͑piezometer readings͒ were mainly caused by seasonal water level fluctuations. At position B, about two weeks after installation, the earth pressure jumped abruptly from 34.5 to 43.5 kPa due to some unknown reasons. It continued to go up till 58.6 kPa in the following one month, and then came down gradually to its initial value. Such abnormal measurement was not observed at other stations. It was also noticed that at the completion of field installation of the instrumented sheet pile, the pressures measured on the inside web were equal to those measured on the outside web at the same depth. However, a pressure difference developed shortly after and almost kept constant with time. At positions A and D, this pressure difference was around 3.4-4.8 kPa, and was around 6.9 kPa at positions C and F. Similar observation had been reported by DiBiagio ͑1977͒, who attributed such pressure difference to sheet pile movement or soil consolidation. In this study, one possible reason might be the arching effect across the flange and the outside web ͑recessed back͒ of the sheeting, which resulted in different values measured on the inside and outside webs.
Total Lateral Earth Pressures and Pore Pressures
During each pass of DDC, the measured total lateral earth pressures jumped rapidly to peaks and then went down quickly as DDC stopped. At each position, the measured pressure increment induced by the first pass of DDC was greater than that induced by the second pass. This can be explained by the fact that the minimum distance from the tamping points to the sheet pile wall in the first-pass DDC was 2.3 m less than the minimum distance in the second pass. During dynamic compaction, it would be expected that most of the stress increments, ⌬, induced by DDC would be carried by pore pressures, ⌬u, and very few carried by soil skeleton, as water could not escape out of the undrained peat within such short time. This assumption was verified by FEM simulation, which will be introduced in a later section. However, the measured pore pressure increment during DDC was much smaller compared with the measured earth pressure increments. This phenomenon implies that the vibrating wire piezometer used in this study has a very limited ability to correctly measure pore pressure development in short-duration case such as dynamic compaction. Both the residual total lateral earth pressures and pore pressure after DDC continuously went down at reduced rates and almost recovered to their original values in the following one to two months. Then, the measured pressures stabilized until embankment construction. The pressure difference after DDC between the inside web and outside web increased to around 4.8-6.9 kPa at positions A and D, and to 6.9-10.4 kPa at positions C and F. The measured pressures tended to decrease gradually following the completion of embankment construction, and the reduction rates at the upper positions A and D were greater than those at the lower positions C and F. Fig. 7 shows the comparison between the measured and the theoretical total lateral earth pressures at station 101+ 00 R. The theoretical at-rest, active and passive earth pressure distributions were calculated using the at-rest earth pressure theory ͑Jaky 1944͒ and classic active and passive Rankine earth pressure theories. These calculations used Ј = 12°, cЈ = 2 kPa for peat with assumed ground water level at the ground surface. The measured earth pressure distributions along depth were almost linear. Except for those measured during and shortly after DDC, the measured earth pressures at positions A, B, and F were close to the passive Rankine earth pressures, whereas at positions D and C, they were about 3.5-6.9 kPa greater. This comparison indicated that fully passive earth pressures had already been mobilized in the supporting peat at the time of field installation of the instrumented sheet pile.
Sheet Pile Wall Deflections
Due to heavy snow and extremely cold weather, the first sheet pile deflection readings were not taken until February 28, 2003, almost 40 days after field installation of the instrumented sheet piles. Although sheet pile deflections were not measured during the process of peat excavation and backfilling, the first measured sheet pile deflections actually had included the deflections induced by replacing peat with backfill. Fig. 8 summarizes the measured sheet pile deflection toward the supporting peat at station 101+ 00 R. The first reading indicated that at the time of field installation of the instrumented sheet pile, the sheet pile had already developed deflection toward the supporting peat, which was around 20 cm relative to the verticality at its top. In the following three and a half months, the sheet pile developed additional deflection of around 2.5 cm till June 12, 2003. Then, deflection stopped developing until DDC. During the two passes of DDC ͑September 10-16, 2003͒, the sheet pile developed large unrecoverable deflection toward peat, which was around 10 cm. Lateral earth pressures also experienced large increments within the same period. After compaction was completed on September 16, 2003, no postconstruction sheet pile movement was observed in the following six months. During the embankment construction ͑from March 25 to July 20, 2004͒, the sheet pile developed further deflection toward peat which was around 6.5 cm. On the contrary, the measured lateral earth pressures did not show any significant changes. The measurements in the following eight months after the completion of embankment indicated that the sheet pile movement had completely stopped and the sheet pile wall had been stabilized.
In summary, the total measured sheet pile deflection at station 101+ 0 R was 39 cm, of which, 58% ͑22.5 cm͒ occurred prior to ground improvement ͑DDC͒, 26% ͑10 cm͒ occurred during DDC, and only 16% ͑6.5 cm͒ occurred during embankment construction. Contrary to expectations, no postconstruction sheet pile deflection was observed after the completion of embankment construction.
The change of earth pressure against retaining wall from atrest state to active or passive state is a function of wall movement ͑Terzaghi 1936͒. In this study, fully passive earth pressures had already been initialized in the supporting peat at all of the five instrumented stations when the instrumented sheet piles were installed in situ. In order to check the sheet pile deflection required to mobilize fully passive earth pressure in peat, Fig. 9 summarizes the initial normalized maximum sheet pile deflections at five instrumented stations, which were measured on February 28, 2003. It indicates that when the maximum sheet pile deflection toward peat was 0.8% of sheet pile length, passive earth pressures had already been mobilized in peat. Fig. 10 presents the cumulative lateral soil movements, which were caused by embankment construction, within the access road between the embankment and the sheet pile wall at station 101 + 00 R. The initial inclinometer reading taken on March 25, 2004, beginning date of embankment construction, was set to zero. Therefore, the data shown in Fig. 10 represent the lateral soil movements that developed since the beginning of embankment construction. During the embankment construction ͑March 25-July 20, 2004͒, the inclinometer recorded cantilever type of soil movements, with a maximum value of around 1.6 cm at the ground surface. Following the completion of embankment construction, the upper portion of soil mass developed additional movement of 0.8 cm toward the sheet pile wall till November 8, 2004 . This additional soil movement may be due to redistribution of shear stress in soil mass. Since then, no soil movement was observed.
Soil Movements within the Access Road
It was noticed that as construction proceeded, both sheet pile and soil mass developed significant movements toward the supporting peat. However, after embankment construction, no movement or only limited additional movement was developed in both sheet pile and soils. The movements came to a complete stop after a certain period of time. The expected long-term postconstruction movements due to the creep peat were not observed. One possible explanation is that the peat on the supporting side had not been stressed extensively, except those in the vicinity of the sheet pile wall. This assumption will be discussed and verified in the later section entitled "Comparison between Measurements and Calculated Results."
Finite-Element Method Analysis
To model sheet pile performance in peat, two-dimensional finiteelement code PLAXIS 8.2 ͑Brinkgreve et al. 2002͒ was adopted. The purpose of this FEM simulation was to investigate soilstructure interaction mechanism by comparing the calculated results with the field measurements, and hence to obtain helpful insight for future sheet pile design and construction in peat. The staged construction feature of PLAXIS makes it possible to simulate construction process continuously by first setting up a complete, final layout of the project, and then executing analyses in a series of phases. During each phase, various portions of the system were deactivated and activated. Table 3 describes the procedures of continuous FEM modeling of the entire construction process at station 101+ 00 R. The potential arching effect due to the corrugated cross section of the sheet pile could not be simulated by this two-dimensional code. One of the challenges in this simulation was how to model DDC. This problem was satisfactorily solved by using a block load acting on a fictitious steel plate. In PLAXIS 8.2, block load is defined as the dynamic loading applied within a single duration time ͑Brinkgreve et al. 2002͒. Fig. 11 presents a typical finite-element mesh made up of 15-node triangular elements along with model parameters at station 101 + 00 R. In order to simplify modeling, a plane-strain model with half geometry was adopted. Peat was simulated by an undrained soft-soil-creep ͑SSC͒ model, which can account for creep effects. Backfill and in situ sands below peat deposits were modeled by a Mohr-Coulomb model. In order to account for DDC effects, backfill parameters before and after DDC were assigned with those obtained by laboratory and field exploration tests. Both the sheet pile wall and the façade panels of MSE wall were simulated by plate elements, and the steel reinforcement strips were modeled by geotextile elements. Because of paper length limit, details of how to continuously simulate construction in peat using PLAXIS 8.2 ͑see Tan 2005͒ will not be described here. Fig. 12 shows the comparison between the measured and calculated total lateral earth pressures and pore pressures at station 101+ 00 R. In Fig. 12 , the thick lines represent the calculated values and the thin lines represent the field measurements. As no field measurements were available, the comparison prior to in-situ installation of the instrumented sheet pile could not be done. The calculated total lateral earth pressures against the supporting face of the sheet pile had very small reduction ͑less than 2.5 kPa͒ with the progress of peat excavation. During backfilling, the earth pressures increased rapidly and then stabilized quickly following the completion of backfilling. During the time between the completion of field installation of the instrumented sheet pile and DDC, the calculated earth pressures and pore pressure were consistent with the field measurements. Compared with the field measurements which fluctuated slightly over time, the calculated earth pressures and pore pressure were more stable. This is attributed to that in FEM modeling, the water table level was assumed to be at the existing ground surface all the time, whereas the actual water table level fluctuated seasonally.
Comparison between Measurements and Calculated Results
In order to present the comparison in greater details, both calculated and measured peak earth pressures and pore pressures during DDC were plotted against depth in Fig. 13 . As shown in Figs. 12 and 13, the calculated earth pressures during DDC showed a similar tendency as the field measurements, but were greater than the measured values. Different from the measured pore pressure, the calculated pore pressure during DDC had significant increment almost the same as the earth pressures. Following DDC, both calculated residual earth pressures and pore pressure recovered to their initial states at similar rates. This verifies 3  3  3  3  3  3  3  3  Underlying sands  3  3  3  3  3  3  3  3  Backfill  ϫ  ϫ  3  3  3  3  3  3  Sheet pile  3  3  3  3  3  3  3 Note: 3ϭactivated and ϫϭdeactivated. a Including facade panels, steel reinforcement strips, fill layers. Fig. 11 . Typical FE mesh used in the simulation at station 101+ 00 R the former assumption that during DDC, most of the stress increments, ⌬, induced by DDC were carried by pore pressures, ⌬u. The reason why the calculated earth pressures were greater than the field measurements can be attributed to the fact: In order to balance the water table levels on both sides of the sheet pile wall, some holes had been cut on the sheet piles prior to installation. These cut-holes could function as drainage paths, and hence, the actual excess pore pressures generated in DDC could dissipate faster than those predicted by FEM modeling, in which the sheet pile was treated as an impermeable material and functioned as an undrained boundary. Both field measurements and calculated results indicated that embankment construction did not impose significant effects on the earth pressures developing in the supporting peat and in the long term the earth pressures showed a Fig. 12 . Comparison between the calculated and the measured earth pressures Fig. 13 . Comparison between the measured and the calculated peak earth pressures and pore pressure during DDC tendency of decreasing gradually with time. It can be predicted that the mobilized passive earth pressures in peat would eventually recover to the at-rest state, if enough time was guaranteed. Fig. 14 presents the comparison between the measured and calculated sheet pile deflections at station 101+ 00 R. The FEM modeling results indicated that at the completion of excavation, the sheet pile only developed 0.5 cm deflection to the excavation side. This small sheet pile deflection can be attributed to two factors: ͑1͒ The site was not dewatered during excavation and the water tables on both side of the sheet pile wall were still at the same level and ͑2͒ the total unit weight of peat ͑10.43 kN/ m 3 ͒ is only slightly greater than unit weight of water ͑9.8 kN/ m 3 ͒. Following backfilling, the sheet pile deflected oppositely toward the supporting peat side. At the completion of backfilling, the calculated sheet pile deflection toward peat was 3 cm. In the following one year, the sheet pile developed additional 5 cm deflection toward the peat side. Prior to DDC, the measured sheet pile deflection was greater than the calculated. This can be attributed to the Fact that in FEM modeling the sheet pile was assumed to be vertical at the completion of installation, whereas, in reality the sheet pile wall could have deflected from the vertical line after being driven into soils. Also, in FEM modeling, the possible effects on sheet pile deflection due to the operation of construction equipments were not considered. During DDC, the sheet pile developed greater calculated deflection than measured deflection, which can be interpreted by the greater calculated earth pressures described in the previous paragraphs. Both the calculated and measured sheet pile deflections stopped developing following the completion of DDC, which verifies that the relief of residual earth pressures after DDC in this study was attributed to the dissipation of excess pore pressures, not the retaining wall movements as usual. During the embankment construction, both the calculated and measured sheet pile deflections developed further toward peat. Following the completion of embankment, sheet pile movement almost stopped.
In general, both the measured and calculated results showed that the sheet pile developed unrecoverable deflection toward the supporting peat during the entire construction process. However, as long as the construction stopped, no long-term postconstruction sheet pile movement was developed. Fig. 15 shows the calculated shear strain configurations in the soil mass at the end of embankment construction at station 101+ 00 R. It was observed that in the supporting peat, shear strains mainly occurred in the areas close to the sheet pile. For those areas away from the sheet pile, only very limited or no shear strains took place. This modeling result verifies the former assumption: except those in the vicinity of the sheet pile wall, the peat on the supporting side had not been stressed extensively, which explains why the expected long-term postconstruction sheet pile movement was not observed.
Summaries and Conclusions
Monitored results of two years regarding sheet pile wall performance in peat during U.S. Route 44 relocation project in Massachusetts have been reported, analyzed, and compared with the calculated results by FEM simulation. Based on the interpreted results, the following conclusions can be drawn: 1. Considering that both the field-measured and FEMcalculated earth pressures matched well with the classic passive Rankine earth pressures in this study, it seems that the friction force between the peat and the sheet pile wall ͑inter-facial friction͒ was not mobilized. This can be explained by the fact that the saturated peat behaves more like liquid than solid. In passive earth pressure calculation, the inclusion of interfacial friction may cause overestimation of the passive resistance provided by peat. 2. As the passive resistance recorded by the instrumentation was only slightly larger than the static pressure developed against the sheet pile wall from water, at-rest earth pressures, instead of passive earth pressures, are recommended for calculation of resistance provided by peat in design. 3. An appropriate factor of safety ͑FS͒ should be adopted in sheet pile design in peat. Commonly, FS= 1 is sufficient for sheet pile design unless deformations of sheet pile wall are restricted ͑USACE 1994͒. However, as peat exhibits very poor engineering properties, FSϾ 1 is essential to assure design safety. 4. Arching will result in pressure difference on the inside web and outside web of sheeting. Whereas, compared with the absolute pressure values, this difference can be disregarded in sheet pile design. 5. As the measured earth pressures did not change with the sheet pile movements toward the supporting peat as field installation of the instrumented sheet piles, it indicated that fully passive earth pressures had already been mobilized in peat with a measured maximum sheet pile deflection around 0.8% of sheet pile length. 6. During each pass of DDC, both the total lateral earth pressures and pore pressure in peat increased rapidly to peaks and thereafter went down as compaction stopped. Both of them finally recovered to their initial values without additional sheet pile deflection. It proves in this study that it was the dissipation of excess pore pressures that relieved the residual total lateral earth pressures, not the movements of the retaining wall as usual. 7. Although the sheet piles developed large unrecoverable deflections toward peat during DDC, no damaged sheeting was observed. The expected long-term postconstruction sheet pile deflections and soil movements were not observed, as only the creep peat in the vicinity of the sheet pile wall was extensively stressed. The results from this study demonstrate that flexible steel sheet pile wall is a kind of effective retaining structure for construction in peat or other soft soils with low strength, high compressibility, and significant creep behavior. 8. Under conditions of high water table level, cut-holes on sheeting will help accelerate dissipation of excess pore pressures generated in dynamic compaction. In return, dissipation of excess pore pressures will relieve residual total earth pressures against sheet pile wall. 9. If appropriate soil parameters and construction conditions are used and assumed, continuous FEM modeling can accurately predict sheet pile performance during roadway construction in peat. Therefore, such analysis can serve as a reference for design or prediction on performance of retaining structures. In addition, continuous FEM analysis is a powerful tool to understand soil-structure interaction mechanism under complex construction conditions.
